A novel optical fiber current sensor for low-current measurements is proposed and tested. By winding a commonly used low-birefringence single-mode optical fiber in a special geometry, one can circumvent the bend-induced birefringence problem. Smaller sensors can now be built with a sensitivity that linearly increases with the number of fiber windings.
Fiber-optic current sensors that utilize the Faradayrotation effect' have recently received considerable attention owing to their all-dielectric structure, flat bandwidth response, and wide dynamic range.
2 ' 3 In these sensors linearly polarized light propagates in a multiwinding fiber-optic loop encircling a current-carrying conductor. According to the Faraday effect, the interaction between the magnetic field, generated by the current and the propagating light, should result in a rotation of the polarization plane, which in turn can be measured by a polarizer at the output. In a practical sensor, however, the state of polarization of the propagating optical field is also affected by the residual linear birefringence in the fiber. While the manufacturing-related birefringence in regular single-mode fibers may be almost completely eliminated by the use of readily available low-birefringence fibers, 3 the bend-induced birefringence 4 limits the performance of these sensors in the low-current regime. 2 Mathematically, if 20 and p denote, respectively, the Faraday-induced circular birefringence and the bend-induced linear birefringence, the system transfer function for input and output polarizers positioned parallel and at 450, respectively, to the bend-induced birefringence axes can be written as (for low currents where 0 << p) 2 flowing through the loop, V is the Verdet constant at X (the source wavelength), N is the number of turns, I is the measured current, H is the magnetic induction field, dl is a differential length element along the fiber, ft is the bend-induced birefringence per turn, and r and R are, respectively, the fiber and loop radii. According to Eq. (1), the sensor response is linear with a dc offset (VO) and a scale factor SF, which is proportional to sin p/p < 1. But it also follows from Eqs. (1) and (2) that SF is proportional to sin(^N) rather than to N, so that for a given geometry and wavelength which determine Al, N should be optimized to yield lsin(3N)I = 1. Hence, the maximum attainable SF, as limited by the bend-induced birefringence, is ISFma.1 = VinV/0. Since the minimum detectable current is determined by the noise voltage (rms) divided by SF, the abovementioned upper bound on SF limits the use of this type of sensor in low-current measurements. For example, in a recently constructed portable fiber-optic current sensor 5 that has three turns, each with a 150-mm diameter [sin(f3N) -1], the noise equivalent current was only 230 A at a 1-MHz bandwidth (0.23 A/ Recent attempts to overcome the bend-induced birefringence problem are summarized in Refs. 2 and 3. Obviously, SFmax can be increased by replacing the commonly used glasses in the fiber fabrication process by appropriate materials with higher Verdet constant or, alternatively, to reduce the bend-induced birefringence by annealing. It was also realized that provision of a sufficient torsional stress through sophisticated fiber designs swamps the bend-induced birefringence. 3 The Faraday rotation then coexists with the twist-induced circular birefringence and is additive to it. Thus the circular birefringence components are dominant, allowing SF to be proportional to N. However, all these solutions require the use of noncommercial, specially fabricated fibers.
In this Letter we propose and test a new layout architecture for the Faraday-rotation fiber-optic current sensor, which offers an alternative solution to the bend-induced birefringence problem.
6 Figure 1 describes the new sensing head, where, without breaking the fiber, one obtains complete geometrical separation between the circular (Faraday-rotation-related) and linear (bend-induced-related) birefringence components. Here the optical fiber is bent around the electrical conductor so as to form a square formation,
including sides "1,"' "2," "3," and "4." At each transition point between adjacent linear segments, the optical fiber is bent into a loop whose parameters (radius and number of turns) are chosen so that the bendinduced birefringence is a multiple of 2ir. For a bending radius small enough and magnetic fields not too large, the corner closed loops (which do not encircle any current) serve as 27r wave plates, independent of the surrounding magnetic field. When a linearly polarized light enters the sensor head and passes through the first path ("1"), its polarization plane rotates an amount equal to O1 = Vf1H -dl. Then the light beam enters corner "a" and emerges with the same polarization, except for an unimportant 27r delay between its linear components. Similar processes take place at the other linear segments and corners. Thus the net rotation of the plane of polarization at the sensor output is =VJ H-dl+VJ H-dl+V H-dl
where N is the number of square windings. With the first and second polarizers parallel and at 45°, respectively, to the main axes, the system transfer function [Eq.
(1)] reduces to Yout = / 2 Vin(1 + 2NVI) = Vo + SF -I, (4) which features independence of the bend-induced birefringence and a scale factor that is now linearly proportional to the number of square windings, N. Smaller sensors can now be built, and their sensitivity can be increased by the use of more square windings, thereby permitting the measurement of smaller currents. A breadboard sensing head was built to test this new approach. In designing the corners, one cannot make the loop radius too small or the bending loss will limit the sensor performance. After some experimentation with a Soleil-Babinet compensator, it was determined that a 10-mm bending radius and three fiber loops at each corner did yield the required 27r retardation between the linear components with a loss of only 0.13 dB per corner.
In order to demonstrate the linear relation between the SF and N, two 50 mm X 50 mm sensing heads were constructed, with one and three square windings, respectively. A typical 0-2.5-kA pulse current response is shown in Fig. 2 , together with the response of a commercial iron-core Rogowski coil. As can be seen, the two pulse shapes match well. Figure 3 shows theoretical and measured scale factors, normalized by the input voltage Yin and the Verdet constant V, as a function of the number of windings for our square sensor and for round sensors of previous designs. Since the scale factor for a round sensor depends on sin(^N), for any given N in Fig. 3 , an optimal radius in the range 0-50 mm was chosen in order to maximize the theoretical response. The two curves of the square sensor describe the theoretical and measured scale factors. In accordance with Eq. (4), the theoretical curve is a straight line with unity slope, indicating that the scale factor, and therefore the sensitivity, is directly proportional to the number of square turns. The measured points are quite close to the theoretical line, and the small disagreement can be attributed to deviations of the handmade corner segments from ideal 22r wave plates. A better winding process should improve the performance.
In conclusion, with the use of commercially available low-birefringence single-mode fiber, a new square architecture for a current sensor was proposed and tested in which the Faraday-rotation angle is accumulated only over linear segments that are intrinsically free of linear birefringence. The linear dimensions of such a sensor are determined by the corner loops, and, overall dimensions of the order of a few centimeters are easily obtained with sensitivities that increase with the number of turns. Such designs extend the competitive edge of Faraday-rotation current sensors into the fairly low-current regime, and the principle of geometrical separation between the linear and circular birefringence components may also benefit a variety of applications with special requirements.
